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I. INTRODUCTION
Amorphous glass-coated microwires are magnetic systems that are attracting recently much interest from the fundamental magnetism studies as well as from the applications point of view. [1] [2] [3] [4] For example, microwires exhibiting negative or nearly zero magnetostriction are very suitable as sensing elements in devices based on the giant magnetoimpedance effect. In turn, microwires with high positive magnetostriction present magnetic bistability, which is applicable in many modern microsensors devices. Glass-coated microwires offer some important advantages in comparison with their ribbon counterpart as: small dimensions and symmetrical shape, lessexpensive preparation and reliability on electrical, mechanical, and enhanced corrosion resistance from Pyrex coating. These microwires are produced by quenching and drawing technique, during which strong mechanical stresses are introduced. It was shown that axial stresses prevail in a central core of the wire, while radial stresses are dominant just below the surface. 5 Due to their amorphous structure the magnetic properties of amorphous microwires are thus controlled by magnetoelastic and shape (magnetostatic) anisotropies. As a result, the domain structure in microwires with positive magnetostriction is characterized by a large internal single domain with axial magnetization that is surrounded by a radial multidomain structure. Moreover, small closure domains appear at the ends of the wire to reduce the stray fields. Such a domain structure results in the magnetization process that is characterized by a single Barkhausen jump due to the propagation of a wall from the closure structure that is characteristic for magnetic materials showing bistability.
On the other hand, nanocrystalline magnetic materials exhibit excellent magnetic properties as high thermal and structural stability, quite low coercivity, high saturation magnetization, high initial permeability, low core loss, and relatively high resistivity. [6] [7] [8] The influence of nanocrystallization process on magnetic bistable behavior has been thoroughly studied both on FeSiBCuNb (FINEMET) wires and microwires. [9] [10] [11] On the other hand, nanocrystalline FeCoMoB microwires based on HITPERM composition have particularly more elevated Curie temperature and larger saturation magnetization at very high temperatures in comparison with FINEMET based nanocrystalline microwires. [12] [13] [14] In addition, FeCo based alloys, 15 and in particular FeCoMoB microwires, have outstanding soft magnetic properties after thermal treatment at optimal annealing temperature within a wide temperature range (450-600 C). 16 These microwires exhibit bistability even in advanced nanocrystalline state. Further detailed information about studied nanocrystalline FeCoMoB microwires can be found elsewhere. 16 Ferromagnetic resonance measurements is a simple, sensitive, powerful, and very suitable tool to determine in a ready manner intrinsic magnetic parameters such as saturation magnetization, anisotropy field, Gilbert damping, or Landé factor as well as the presence of magnetic inhomogeneities, internal stresses, or the skin effect penetration depth. [17] [18] [19] [20] [21] Ferromagnetic resonance experiments have also reported on nanocrystalline FeCo-based alloys 22 and particularly in nanocrystalline microwires. 23, 24 A suitable method to study of ferromagnetic resonance in magnetic wires is based on magnetoimpedance measurements.
14 It was shown that high frequency impedance measurements in ferromagnetic wires under a longitudinal magnetic field fit perfectly an electromagnetic-field geometry configuration as required for ferromagnetic resonance (FMR). 25, 26 In the particular case when M s >> (H 0 þ H k ), where M s denotes the saturation magnetization, H 0 the longitudinal applied field and H k ¼ 2 K/l 0 M s the anisotropy field, the evolution of resonance frequency with static axial field H 0 can be approximated as
where c is the gyromagnetic ratio, l 0 is the vacuum permeability. The aim of this paper is to investigate the evolution of magnetic properties in FeCoMoB microwire during its devitrification, starting from initial amorphous state up to advanced nanocrystalline state. It is shown that stable nanocrystalline microstructure leads to the lower stress amplitude and lower anisotropy in the FeCoMoB microwires. Studied amorphous and nanocrystalline FeCoMoB microwires exhibit strong natural ferromagnetic resonance observed in the absence of applied static magnetic field. Furthermore, the evolution of anisotropy field, Gilbert damping (the parameter reflecting the damping of individual magnetic moments during their precession 27 ) and internal stresses with increasing annealing temperature is shown.
II. EXPERIMENTAL TECHNIQUES
Amorphous glass-coated microwires with Fe 40 Co 38-Mo 4 B 18 nominal composition were produced by the TaylorUlitovsky method. The diameter of the metal core was 16 lm and the thickness of the glass coating 9 lm. These microwires were annealed for 1 h under an argon atmosphere at different temperatures ranging from 200 C up to 600 C. Three characteristic samples, in a similar way as previously performed by other authors in the case of amorphous wires, 11 were selected to show the effect of the structure on the FMR measurements: i) as-cast sample with high and complex stress distribution, ii) sample annealed at 400 C-the temperature at which stress relaxation and homogenization of amorphous nucleus is already completed, and iii) sample annealed at 450 C, when the metallic nucleus appears in nanocrystalline state. 16 The length of all samples used in ferromagnetic measurements was 8 mm. The ferromagnetic resonance FMR has been studied with an Agilent PNA E8362B network analyzer in the range of frequency from 10 MHz up to 11.3 GHz at a constant power of 0 dBm (¼1 mW). The sample nucleus plays the role of central conductor shorted at one end to analyze the reflection coefficient S 11 , from which real R and imaginary X components of impedance are determined. 28 Glass coating was removed from the ends of the microwire to ensure electrical contact to the nucleus. The transmission coaxial line (shown in Fig. 1 ) was introduced into a solenoid, which supplied a maximum longitudinal DC magnetic field of 48 kA/m, high enough to saturate the wires. Real and imaginary components of impedance were simultaneously measured as a function of the frequency at different applied DC longitudinal fields. In addition, a transversal magnetic field up to 13 kA/m was applied by a pair of Helmholtz coils simultaneously to DC longitudinal field. Before each measurement, all cables, connectors, and adapters were calibrated using short-open-load technique and the electrical delay of coaxial line, 88 ps, was removed. The impedance in the measurement plane was corrected to remove the contribution of the different parts in transmission coaxial line in order to obtain the intrinsic impedance of sample.
III. RESULTS AND DISCUSSIONS
A. Field dependent spectra Figure 2 shows the complex impedance spectra of real and imaginary components for the as-cast FeCoMoB microwire under zero applied field. This natural ferromagnetic resonance observed in high-magnetostriction alloys is here characterized by four maxima observed at the real part corresponding to four inflection points in the imaginary part indicating their correlation to a resonance effect. 29 The intrinsic magnetic anisotropy plays the saturating role of the lacking applied magnetic field. In fact, complex stress distribution is introduced during the glass-coated microwire production. The magnetoelastic anisotropy arising from the stresses induced during fabrication 30 determines the magnetization easy axis apart from shape anisotropy. It was shown previously in theoretical calculations that three main kinds of internal stresses are quenched-in during the fabrication process: axial, radial, and circular ones 5, 31 that define different regions in the radial profile of the wire. In fact, although a number of works have been previously devoted to the lowfield absorption phenomena in this family of wires [32] [33] [34] not much attention has been paid to using FMR as a tool to determine the stress distribution in the microwires.
In order to identify the origin of each absorption phenomenon in Fig. 2 , we have studied the FMR under different applied magnetic field. Firstly, we have studied the influence of a magnetic field applied parallel to the longitudinal axis of the wire. As observed in Fig. 3 , a relatively small longitudinal field (i.e., 9.6 kA/m) shifts low-frequency maxima toward higher values. Under the application of larger amplitude fields (i.e., 28.8 kA/m), the shift moves to higher frequencies, and simultaneously the number of resonant peaks is reduced to two. For saturating magnetic field (i.e., 48 kA/m), only a single peak is finally observed. On the other hand, we should note that the relative intensity of the peak at around 9 GHz decreases with applied field, but its position is little affected.
The shifting of absorption peaks toward higher frequencies observed with increasing applied field, H 0 , just follows Eq. (1). The collapsing of different peaks into finally a single absorption can be understood in terms of competition between applied and local anisotropy fields. When the longitudinal applied field, H 0 , exceeds the anisotropy field H k (H 0 >> H k ), in a particular region of the wire that region gets saturated magnetically. Consequently, the absorption corresponding to the original orientation of magnetization is no more observed. Under saturating magnetic field only single peak is detected that corresponds properly to FMR. It was shown in Ref. 4 that radial stresses prevail just under the wire surface, whereas axial stresses are dominant close to the wires center. The FMR measurements are sensitive to the surface of the microwire (due to the small skin depth of the exciting current). In fact, the calculated value of skin depth penetration is much less then 1 lm for all samples and therefore we get only a FMR response from the corresponding surface region of the microwire, where dominant anisotropies are axial and radial. Hence, we can ascribe the last resonance peak (at 9 GHz) to the radial magnetoelastic anisotropy just under the surface and peaks at lower frequency to axial one at more internal region.
B. Thermal treatments and magnetoelastic effects
After annealing at temperatures below 425 C, the stresses introduced during the microwire's production relax and the structure becomes more homogeneous although, still remaining amorphous. 16 On the other hand, new stresses are introduced by cooling the sample down to room temperature. These additional stresses arise from the difference in thermal expansion coefficient of metallic nucleus and glass coating, and can be expressed as 35 rðTÞ % Eða g À a m ÞDT;
where E is the Young's modulus of the metallic core, and a g and a m are the corresponding thermal expansion coefficients of the Pyrex and metallic core, respectively. The resultant impedance spectra of sample annealed at 400 C displays two well separable peaks at zero applied field (see Fig. 4 ). As the applied field increases the resonance peaks shift and the intensity of absorption change in a similar way like in as-cast sample. Particularly, the first resonance peak shifts to higher frequencies with increasing applied axial field and its intensity increases steeply. The second peak remains at its position and decreases its intensity. Again, under the saturating applied field (i.e., 48 kA/m) the impedance spectra show a single peak. Figure 5 shows the very modest influence of transversal applied field on the resonance spectra for the microwire annealed at 400 C. Only an increase in the relative intensity of the resonance peak at higher frequency is observed since the transversal field affects mainly the transverse magnetoelastic anisotropy. That somehow confirms our idea about the origin of the resonance peak. The axial anisotropy results in the maximum at low frequency and the radial one at the higher frequency. Similarly with our results, Chiriac and coworkers 26 measured two resonance peaks in FMR spectra on FeSiB microwires with high positive magnetostriction. The first resonance peak, located at low frequency, arises from an axial anisotropy and the second one, placed at higher frequency, arises from radial anisotropy. Annealing the microwire at temperatures above 425 C results in its crystallization. 16, 36 Firstly, a nanocrystalline structure appears with randomly oriented a-FeCo crystalline grains (size about 12-13 nm) embedded in an amorphous residual phase. Due to the random orientation of easy axis of crystalline grains, together with their small dimensions (lower that exchange length), the effective magnetocrystalline anisotropy vanishes. 37 Moreover, after such treatments a contribution to magnetic anisotropy from magnetoelastic origin should be present due to the positive magnetostriction of both crystalline and amorphous phases. 38 Similarly, the stresses introduced by the glass-coating (by cooling the microwire to room temperature after annealing) together with the magnetoelastic interaction results in the appearance of the axial anisotropy in the center of the wire and radial one just under the surface.
The absorption spectra, after annealing at 450 C, is shown in Fig. 6 . The spectra shows two peaks, much wider than those shown in Fig. 5 , obtained after annealing at 400 C, which reflects a wider distribution of the crystalline grains size and hence the distribution of anisotropies. Application of axial field firstly shifts the first peak position to higher frequencies and finally two peaks are transformed into the single one at highest applied field (48 kA/m). However, the single peak is much more spread in comparison to the one that appears in the microwire annealed at 400 C. This is assumed to be a result of the anisotropy distribution because of the crystalline grains size and shape distribution in nanocrystalline materials.
Anyway, deeper information can be obtained from the FMR measurements allowing a deeper quantitative analysis of the way. According to Eq. (1), the anisotropy field, H k can be obtained by extrapolation of the dependence of f 2 r on H to zero frequency. 39 Figure 7 shows the dependence of the square resonance frequency of the first peak (at lower frequencies) on the applied axial magnetic field for microwires annealed at various temperatures up to 600
C for 1 h. The results are divided into two groups corresponding to amorphous (T a below 400 C) and nanocrystalline state (T a above 400 C). From these dependencies, the anisotropy field H k can be calculated according to Eq. (1).
The evolution of the anisotropy field H k with annealing temperature for FeCoMoB microwire is shown in Fig. 8 . Strong stresses introduced during the microwire's production result in large magnetoelastic anisotropy at the as-cast state. Annealing below the crystallization temperature leads to stress relaxation and sample homogenization so, indicating that the strong anisotropy field decreases after annealing below 400 C. Annealing above crystallization temperature (425 C) has a little effect on the anisotropy field. Such behavior reflects well the switching field dependence on the annealing temperature obtained by induction measurement method from 16 (see inset of Fig. 8) . The switching field H sw of closure domain decreases with the temperature of annealing up to 300 C. Sharp maximum appears at 425 C as a result of appearance of precipitates of crystalline phase that plays the role of pinning centers for the domain wall propagation. 16, 36 Above this temperature, the nanocrystalline structure appears with an exchange interaction between the crystalline grains. Such a structure is very stable and the switching field remains almost constant.
Large internal stresses are induced inside of metal core during production process and these stresses significantly determine the magnetic behavior of the microwire. Both quenching stresses as well as those resulting from the difference between thermal expansion coefficients of metal core and glass cover are present in the microwires. Knowing the anisotropy field H k (estimated from FMR measurement), it is possible to calculate the internal stresses using the relationship
for samples after different thermal treatment. The dependence of internal stresses on the annealing temperature is shown in Fig. 9 . Although saturation magnetostriction increases with annealing temperature, 40 internal stresses decrease sharply from initial maximum value in the as-cast state. This sample, in its as-cast amorphous state, is characterized by strong internal stresses frozen during the production process. Stress relaxation takes place during annealing process at higher 
C. Gilbert damping
One of the most important information that can be obtained from FMR measurements are damping parameters. Gilbert damping is the main parameter that influences the domain wall dynamics, and one of the very promising direction of microwire's application is their use in modern spintronic devices based on the domain wall propagation in thin magnetic wires. 9, 41, 42 Fast domain wall velocity observed in glass-coated microwires is usually ascribed to very low values of Gilbert damping. 43 The Gilbert damping, a, was estimated from measured FMR spectra using the formula 44 Df
where Df is the frequency linewidth, and jcjDH 0 is the zero frequency term (that includes all damping terms due to inhomogeneities present in the sample). Figure 10 shows the evolution of measured values of Gilbert damping in the present work range from 0.0127 up to 0.0746. Gilbert damping increases at low annealing temperatures because of stress relaxation takes place, homogenization of sample and stabilization of domain structure. Gilbert damping shows the highest value of 0.0746 above crystallization temperature, exactly at temperature 425 C. In fact, the structure is changed from amorphous to nanocrystalline at this temperature. The number of crystallites is still low and they are separated by a large distance, that is, the structure is highly nonhomogeneous. 16, 36 At higher annealing temperatures, Gilbert damping decreases very shortly down to the lowest value 0.0127. At higher annealing temperatures, the volume fraction of grains is significant 36 and distance between them is smaller than ferromagnetic exchange length $46 nm. 16 Therefore, exchange interaction between them leads to the averaging out of magnetocrystalline anisotropy, which result in drop of switching field values and as well as Gilbert damping values. 11, 16 The obtained values of Gilbert damping correspond well to the ones obtained in glass-coated CoFeSiB microwires 45, 46 and its temperature dependence reflects also the temperature dependence of the switching field as described for inset in Fig. 8 . 
IV. CONCLUSIONS
In summary, we have studied the evolution of the microwave absorption phenomena related to ferromagnetic resonance during the devitrification process of the glass-coated FeCoMoB amorphous microwires. A strong natural ferromagnetic resonance was observed in all studied samples. Amorphous sample exhibits a complex impedance spectra with up to four resonance peaks denoting the presence of various regions with different magnetic anisotropy easy axis. During annealing, stress relaxation and homogenization of structure take place and after annealing at the highest temperatures, the microwire displays only two well separable resonance peaks, which correspond to axial and radial domain structure. This effect is significant in both amorphous and nanocrystalline microwires.
Values of anisotropy field and internal stresses have been evaluated from FMR measurements. Anisotropy field decreases with increasing annealing temperature and so does the internal stresses too (they decrease from large values $800 MPa in initial amorphous sample to low values $250 MPa in nanocrystalline state). Moreover, internal stresses are low and almost constant in nanocrystalline microwires.
Finally, Gilbert damping which is a relevant parameter determining the domain wall dynamics has very low values and varies from value 0.01 up to 0.05 with exception of the sample annealed at 425 C. Therefore, these microwires with low damping are very suitable for domain wall dynamics with very fast domain wall propagation.
